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Abstract
Polymerase Chain Reaction (PCR) is a molecular biology method for the in vitro
amplification of nucleic acid molecules, which has wide applications in the areas of
genetics, medicine and biochemistry. MEMS technology offers several advantages for the
miniaturization of biological protocols like PCR, including decreased amplification time,
reduced reagent consumption, disposability, target specific amplification, and functional
integration. The typical three step PCR cycle consists of heating the sample to 90-95 oC
to denature the double-stranded DNA complex, cooling down to 55-60 "C to anneal the
specific primers to the single stranded DNA, and finally increasing the temperature to
70-75 "C for extension of the primers with thermostable DNA polymerase. The
temperature sensitivity of the reaction requires precise temperature control and proper
thermal isolation of the three temperature zones.
In this thesis, the design of a continuous flow PCR microfluidic platform consisting of a
monolithic polydimethylsiloxane (PDMS) microfluidic chip assembled on top of a thin
film patterned glass base heating unit is presented. A detailed thermo-fluidic model of the
device is presented to predict the performance and efficacy of the proposed design.
Numerical simulations are carried out to find the temperature distribution in the device
and show the suitability of the design in meeting target temperature profile.
Subsequently, simulation results are substantiated with experimental results of infrared
and thermocouple temperature measurement on the device. An instrumented microfluidic
platform was developed and experiments were carried out to investigate amplification
efficiency. Different vapor barrier mechanisms and channel coatings were explored for
minimizing sample loss. The research presented is an effort towards developing
miniaturized, cost-effective, portable platform capable of replacing conventional
thermocyclers.
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Title: d'Arbeloff Career Development Professor in Engineering Design
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Nomenclature
The subscript i or j refers to the different zones of the microfluidic channel, which are
Zones A, B, C or the interconnecting channels AB, BC, CA
A = Cross-sectional area of the microchannel
b = Width of the microfluidic channel in a particular zone i
Cp = Specific heat capacity of the material m, where m = f (fluid), p (PDMS) or g
(glass)
Dh = Hydraulic Diameter
f = Darcy friction factor
h = Head loss
hair= Convective heat transfer co-efficient of air
heff= Effective heat transfer co-efficient
km = Thermal conductivity of the material m, where m =f(fluid), p (PDMS) or g (glass)
L = Length of the microchannel
1i = Length of the microfluidic channel in a particular zone i
NuL = Average Nusselt Number
P = Perimeter of the microchannel
Pe = ReDh x Pr = Peclet number
Pr = Prandtl Number
Q= Volume flow rate
q" = Heat flux dissipated in a particular zone i
Rthermal = Thermal resistance
RaL = Rayleigh Number
ReDh = PQDh = Reynolds number based on hydraulic diameter
ApU
T = Temperature
t = time
ti = Residence time in a particular zone i
u = Streamwise velocity
Vavg = Average Velocity
x = Stream wise co-ordinate
Y= Co-ordinate perpendicular to the streamwise direction
z = Co-ordinate perpendicular to the streamwise direction
am = Thermal diffusivity of the material m, where m =f(fluid), p (PDMS) or g (glass)
,m = Co-efficient of thermal expansion of the material m, where m = p (PDMS) or g
(glass)
V 2 = Laplacian
AT = Temperature difference between the device and ambient
(5 = Height of the microfluidic channel in a particular zone i
5g = Thickness of the glass domain
6 = Thickness of the PDMS domain
Pm = Density of the material m, where m =f(fluid), p (PDMS) or g (glass)
F = Ramp rate
r = Time constant
p = Viscosity of the fluid
v= Kinematic viscosity
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Chapter 1
Introduction
1.1 Overview
Microfluidic systems have gained tremendous attention over the past decade with their
potential to automate chemical and biological protocols at a fraction of the cost and time
of traditional benchtop research. In general, microfluidics deals with the behavior, precise
control and manipulation of fluids that are geometrically constrained to a small, typically
sub-millimeter, scale [28]. Microfluidic chips enable the miniaturization of assays and
offer the possibility of performing numerous experiments rapidly and in parallel, thus
enhancing throughput, and reducing the overall cost and consumption of reagents. The
ease and low cost of fabrication of microfluidic devices through standard procedures of
soft lithography opens up the possibility of making disposable microfluidic devices for a
few cents under mass production conditions [29, 31, 32]. Microfluidics has made
important contributions in many biological and medical fields, including enzymatic
analysis, DNA analysis, proteomics, nano-particle fabrication and drug delivery [28, 42]
1.2 Polymerase Chain Reaction
Polymerase Chain Reaction (PCR) is a molecular biology method for in vitro
amplification of specific DNA templates. It is a method of selectively amplifying a
particular segment of DNA, ultimately yielding of the order of 105 - 106 copies. PCR was
invented by Kary Mullis in 1983, for which he was awarded the Nobel Prize in Chemistry
in 1993 [43]. The history of microfluidics for PCR dates back to 1993 when Northrup et
al. [37, 38] demonstrated the first silicon based stationary chamber PCR device. Since
then, continued efforts have been applied towards functional integration, reliability and
on-field applicability of microfluidic systems for PCR [35, 36, 37, 38].
The amplification process of PCR can be partitioned into three discrete temperature
zones: (A) denaturation: double-strand DNA segment is separated in single strands at
high temperature (90-95 oC); (B) annealing: the separated single-stranded DNA attaches
to a complimentary primer (55-60 OC); (C) extension: DNA polymerase adds nucleotides
to the 3' end of the primer, replicating the target DNA sequence (70-75 0C). Figure 1.1
shows the pictorial representation of the steps involved. Figure 1.2 shows the increase in
product concentration with the number of cycles. To achieve enough amplification, 30-35
cycles of the aforementioned thermocycling steps are required.
PCR: Polymerase Chain Reaction
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Figure 1.1: PCR thermocycling steps (http://users.ugent.be/-avierstr/principles/pcr.html)
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Commercially available PCR equipment (e.g. MJ Research, Inc.) performs PCR
simultaneously in 96 or more plastic tubes or wells containing sample DNA and PCR
mixtures. However, conventional 96 well PCR devices usually have a thermal ramping
rate of 1-2 OC/s, accounting for a significant portion of the run time of a typical 30 cycle
PCR reaction (3-4 hours). Moreover, conventional tube based PCR methods require
sample preparation and post-PCR product detection to be performed offline, resulting in
longer analysis process and higher risk of cross contamination. Micro electro-mechanical
systems (MEMS) technology offers several advantages for PCR, including faster thermal
ramping times, reduced sample volumes, disposability, portability, functional integration
of sample preparation, and post-PCR product detection [35, 36, 37, 38]
Two different architectures for PCR chip have been explored in literature: the stationary
chamber and the continuous flow design [13, 36, 38]. In the stationary chamber design, a
micro or nanoliter chamber containing the PCR solution is cycled between different
temperatures. In contrast, continuous flow-type PCR chips typically consist of three
independent, fixed temperature zones in space with the PCR sample continually flowing
between them via a microchannel. As chip device size decreases, thermal crosstalk has
emerged as an important issue due to the temperature sensitivity of the reaction. PCR
requires precise temperature control and proper thermal isolation of the three zones.
Ramp time, defined as the average time to move from one temperature to the next
temperature, needs to be minimized for fast PCR and maximum yield and fidelity.
Evaporation and bubble formation can severely impede the performance of PCR in the
microfluidic chip and hence care needs to be taken to minimize them. Due to the high
surface-to-volume ratio in microfluidic environment, surface chemistry effects like
adsorption are amplified. A complete understanding of surface phenomenon is necessary
for efficient implementation of PCR in microfluidics.
1.3 Organization
The thesis divides the application of microfluidics towards development of continuous
flow PCR platform.
Chapter 2 describes the design of the microfluidic platform for implementing continuous
flow PCR. A platform consisting of a disposable polydimethylsiloxane (PDMS) - based
microfluidic chip and a reusable glass base heating unit has been designed. Key design
aspects of the microchannels related to geometry, hydraulic resistance and head loss were
studied. Choice of materials and feasibility of design for developing a cost effective PCR
platform is presented.
Chapter 3 presents a comprehensive three-dimensional thermo fluidic model of the
microfluidic platform. Numerical simulations were carried out using the commercial
software Fluent to understand the conjugated thermal transport characteristics in the
device. The simulated temperature profiles were verified through thermocouple and
infrared temperature measurements in the device.
Chapter 4 describes the development of the instrumented microfluidic platform.
Protocols for carrying PCR in the device are outlined. Challenges towards efficient
implementation of PCR like evaporation, vapor diffusion and bubble formation are
described.
In Chapter 5, the thesis work is summarized, and recommendations for future research
are proposed.
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Chapter 2
Design of the microfluidic platform
2.1 Introduction
Among many miniaturized biological and chemical analytical devices, PCR microdevices
have been and continue to be an area of extensive research for both biologists and
engineers alike. Continuous flow PCR employs a "time-space conversion concept" where
the PCR solution is iteratively flowed through the three different temperature zones
required for amplification [3, 4, 9, 11, 12, 13]. Figure 2.1 shows the typical architecture
of continuous flow PCR chip. There are several advantages of the continuous flow
architecture over thermocycling within stationary chambers: 1) It allows for dynamic
analysis of amplification, 2) Temperature transition times are minimized as the thermal
inertia of PCR system is minimized (only the sample's thermal mass need to be
considered), and 3) The reaction volume can range from sub-microliter to tens of
microliters, which makes the system suitable for diagnostic applications.
950C - melting
770C - extension
600C - annealing
B Buffer Sample
10 mm
Figure 2.1: Architecture of a continuous flow PCR chip where the solution flows
continuously and repeatedly between temperature zones fixed in space [13]
2.2 Design of the flow layer channel
The design of the microfluidic channels followed the basic serpentine design proposed by
Manz et al. with some modifications [13]. The PCR reagents are designed to flow
through three different zones, namely denaturation (Zone A), annealing (Zone B) and
extension (Zone C), as shown in Figure 2.2 a. For good amplification, the serpentine
configuration is implemented to pass through the zones 30 times, comparable to the 25-
30 cycles used in conventional PCR thermocyclers. Typical residence times of PCR
reagents are in the ratio 4:4:9 for the respective zones A, B and C. The cross-sectional
area and the lengths of the channels in these zones were designed in accordance. The
residence time in a zone is given by
Product
ti = (1)
where i = A, B, C.
The different zones were designed to have the following dimension: Zone A; I = 5.25
mm, b = 0.15 mm, 6 = 0.15 mm; Zone B; 1 = 5.25 mm, b = 0.15 mm, 6 = 0.15 mm; Zone
C; I = 8 mm, b = 0.22 mm, 6 = 0.15 mm. These design parameters gives the desired ratio;
tA :tB :t c = 4:4:8.94.
The inter-zone transition times can be lowered by having connecting channels with
smaller cross-sectional areas. A lower transition time lowers the overall time for PCR and
improves the performance of the reaction. All inter-zone connecting channels were
designed to have a cross sectional area of 25pon x 50pm. The average velocity, Vavg, in
the microchannels is given by
Va Q -Q (2)
v b6 A
A significant increase in average velocity is attained through the aforementioned change
in cross-sectional area of the microchannels. For example, the ratio of average velocity in
Zone A to the average velocity in the interconnecting channels from Zone A to Zone B is
given by
avg bAA 18 (3)
avg AB AB
The ratio of time spent by the fluid in zone A to the time spent in the interconnecting
micro-channel from Zone A to Zone B is given by
tAB IABbABAB 1 (4)(4)
tA IAbAS A  7.56
Thus, the design offers significant improvement in lowering the temperature transition
times, which is important for faster PCR.
With thirty identical serpentine passes, the overall length of the microchannel (1.2 m) is
substantial. Consequently, the hydraulic resistance of the system must be analyzed to
understand the head pressure required for device operation. Hydraulic resistance of the
microchannels can be estimated by using the Darcy-Weisbach formula with a Darcy
friction factor. Hydraulic diameter of the microchannels is used for all subsequent
calculations. The head loss, h, is given by
L V2
h =f L p ,a (5)
D 2
The friction factor for laminar flow in microchannels of rectangular cross-section can be
approximated as
64 (6)
ReDh
The hydraulic diameter, Dh, is given by
4A 4b5
D h = (7)P 2(b + 8)
Using equations (5), (6), (7), the head loss can be estimated as:
h 2A3 Q (8)
h =14.34Q (9)
where head loss, h, is in psi and flow rate, Q, is in jpl/min.
The requirement of high pressure for flow in the microfluidic conduit inherently limits
the maximum flow rate at which the device can be operated. Typical failure of plasma
bonding, the method employed to seal the microfluidic chip with a thin film of PDMS, is
around 30 psi. This limits the maximum flow rate to be around 2 pl/min. Under standard
operating conditions, we would like to operate the devices using flow rates on the order
of 0.1 - 2 pl/min, providing short loading times for sub-pl scale samples while allowing
sufficient sample residence times over the temperature zones for complete amplification.
2.3 Design of glass base heating unit
The desired temperature zones were achieved by using three thin film platinum heater
elements fabricated on glass as shown in Figure 2.2 b. Each of these heaters can be
independently regulated to control the heat flux dissipated in each of them and hence the
temperature gradient in the flow direction. It is desirable that the heating element should
have uniform temperatures along the transverse direction while achieving a sharp step-
like temperature gradient in the flow direction. Thin film geometry is critical to obtaining
the desired temperature profile. Optimization of thin film geometry and different variants
of the geometry shown in Figure 2.2 b are discussed.
Transverse direction
Zone B
. I PII P II IqPl 1 Ii ZoneC
0
Zone A
U.e..Alignment marker on
the microfluidic chip
Alignment marker on
%I ' the heating unit
Zone B, Annealing (55 - 60 C)
Zone C, Extension (70- 75 C)
Zone A, Denaturation (90 - 95 C)
b % mm
Figure 2.2: Design of microchannels (a) and glass based heat generating unit (b)
2.4 Design of Water Jacket Layer
To saturate PDMS walls with moisture, reducing evaporation and bubble formation, a
water jacket cooling layer was implemented. The flow layer acting as a conduit for the
PCR mixture was covered by a water jacket layer, as shown in Figure 2.3, separated from
the sample channel by a thin film of PDMS (- 150 ptm). The geometry of water jacket
layer affects the cooling and hydration of PDMS layers. A higher surface covered by
water jacket layer improves cooling and hydration. Two different geometries were
designed (Figure 2.4). The design (b) has a higher surface coverage compared to the
design (a) and it was observed experimentally that the design (b) offered a better and
uniform cooling and hydration of the flow layer.
Flow Layer
Water Jacket layer on top of the flow layer
separated by a thin film of PDMS
Figure 2.3: 3D pictorial view of a section of microfluidic chip showing flow layer and
water jacket layer (not drawn to scale)
a b 2.5 mm
Figure 2.4: Two different designs of water jacket layer (a, b)
2.5 Material Selection
Design of the microfluidic platform can be divided into two parts: 1) the monolithic
microfluidic chip, through which all of the biological reagents are flowed, and 2) thin
film patterned glass wafers used as resistive heating elements. In this section we discuss
the selection of materials for the aforementioned components.
In this thesis, a monolithic PDMS layer microfluidic chip was designed and fabricated.
Due to its cost-effectiveness and ease of fabrication, PDMS was selected with the aim of
making cheap, disposable microfluidic platforms [29, 32]. Additionally, a monolithic
platform ensures lower thermal stresses. It was observed experimentally that the PDMS-
glass hybrid microfluidic chip developed high thermal stresses due to significant
difference in the co-efficient of thermal expansion ( 3g - 10-5 /oC, Pp - 3*10 -4 /OC) when
the microfluidic chip was placed on top of the heating element. The thermal stresses lead
to observable bending and loss of contact of the microfluidic chip and in some extreme
cases failure of plasma bond between the glass and PDMS.
In this thesis, a glass wafer patterned with thin film of platinum/titanium was used as the
heating element. The glass wafer has good thermal properties, resulting in defined
temperature gradients as thermal energy is dissipated from the powered heating elements.
It was observed that normal quartz wafer crack during heating, possibly due to thermal
shocks. Consequently, a high quality, fused silica wafer was used. Platinum was selected
as the material for thin film because of its resistance temperature detector (RTD)
properties. The electrical resistance of RTDs varies linearly with temperature. This
property can be exploited when designing a closed loop temperature controller for the
heating elements. Although a manual temperature controller was implemented in the
thesis, the RTD property paves the way for automated temperature control. A thin film of
titanium was deposited prior to platinum deposition to promote adhesion to the glass
substrate.
2.6 Assembly of the microfluidic platform
The two part microfluidic platform, consisting of the microfluidic chip and the heating
unit was aligned using the alignment markers shown in Figure 2.2, such that the zonal
channels coincide with the zonal thin film heaters. The assembly was done using a scotch
tape ensuring the removal of microfluidic chip after use and hence the reusability of the
heating unit. Figure 2.5 shows the cross-section of the assembled platform.
Water Jacket
SMultilayer PDMS
microfluidic chip
Flow Layer Composite thin
film of Pt/Ti
Glass
Figure 2.5: Assembled microfluidic platform (not drawn to scale)
2.6 Summary
The demand for field-ready biological analysis systems for applications like PCR has
established the need for designing cost-effective, portable and disposable microfluidic
platforms. In this chapter, the design of a continuous flow microfluidic platform for PCR
was presented. Key design aspects like geometry of channels and thin films, hydraulic
parameters like head loss and Reynolds number, and material selection were discussed. A
palmtop sized platform with an area of 0.375 m2 has been proposed with the vision of
creating a portable platform.
(This page intentionally left blank)
Chapter 3
Thermal modeling of the PCR chip
3.1 Introduction
A comprehensive, three-dimensional thermal model of the proposed design was carried
out to predict the performance of the device. Temperature is an important factor for PCR.
Non-specific temperatures can lead to inefficient reactions, and in some extreme cases,
failed reactions. A comprehensive understanding of the heat transport mechanisms in the
hybrid heater-microfluidic chip is critical for making functional parts [2, 6, 15, 21, 39].
For optimal PCR, the microfluidic chip requires precise temperature control, thermal
isolation of the three zones A, B and C and low temperature transition times from one
zone to the other zone. Consequently, one of the most important modeling parameters
evaluated in this chapter is the temperature experienced by a fluid particle with time as it
traverses through the microchannels when heat flux is dissipated in the thin film heaters.
Unlike momentum and species transport analysis, which are confined to the fluidic
domain, thermal modeling in microfluidics presents some unique challenges [5, 7, 8, 24,
41]. The presence of thermal diffusion necessarily extends the modeling domain from the
region of interest (i.e. the fluidic domain) to encompass the material bounding the
microchannels (glass, PDMS). Contrasting with a macroscale system, where the fluidic
domain is most often of comparable size to the solid regions, a microchannel system
typically encompasses only a very small fraction of the substrate and thus heat transfer is
typically governed by thermal diffusion process through the solid regions.
3.2 Thermal model of the proposed design
Thermal modeling of the continuous flow PCR chip, where temperature gradients exists
over a small area (- 0.375 m2), is extremely challenging. The model involves three-
dimensional, unsteady, conjugate heat transfers between the fluid and solid PDMS/glass
regions of the device when the three thin film heaters are active. Different length scales
are involved due to the large difference in the size of the fluid domain (height - 150 ptm,
width - 150 gm) and the solid domain (PDMS, thickness - 3 mm; glass, thickness - 1.5
mm).
Within the fluidic domain the energy equation neglecting the viscous dissipation term and
assuming fully developed laminar flow can be written as
PJCPf a T 2T a2T a2T([ + u -] = + + - (10)k, at ax ax 2 ay2 az2
Inside the PDMS substrate and the glass based heat generating unit, the energy equation
takes on a simplified form, consisting of transient and diffusion terms only, which can be
written in dimensional form as
1 T T =V 2T (11)
a, at
where the generic thermal diffusivity (a) subscript, i, denotes either PDMS (i=p) or glass
(i=g).
Due to variations in cross-sectional area along the microfluidic channel, the Reynolds
(ReDh) and Peclet (Pe) numbers are not constant. For Zone A, at flow rates 0.1 - 2 tl/min,
head loss, h, - 1.4 - 28 psi, Reynolds number, ReDh, - 0.03 - 0.7, Peclet number, Pe. =
ReDh x Pr -0.05 -1.30. All properties of water were calculated at 95 OC. Flow in other
zones show similar characteristics. The Peclet number characterizes the rate of advection
to the rate of diffusion in the flow. The analysis shows that the advection is negligible
compared to diffusion at low flow rates (Pe < 1) but is significant at high flow rates (Pe
_1).
3.3 Numerical Simulations
Numerical simulations for the thermo-fluidic modeling of microfluidic devices have
several advantages. Microfluidic devices for applications like PCR involve complex
three-dimensional, conjugate heat transport mechanisms, the understanding of which is
central for reliable performance. Theoretical calculations are difficult due to the three-
dimensional nature of the problem and existence of different solid and fluid domains.
Since microfabrication for prototyping of microfluidic chips is expensive and time
consuming, thermal modeling through numerical simulations provide an effective tool for
physical chip design, maximizing reliability and robustness.
A comprehensive three-dimensional thermo-fluidic model of the proposed microfluidic
chip was developed. Commercial software Fluent was used to implement the numerical
simulations. The simulations help us in understanding the importance of different
variables involved, like the channel geometry, heater geometry, flow rates and the heat
flux dissipated in thin film heaters.
Simulations of the complete microfluidic chip are computationally expensive and
impractical. The microfluidic chip consists of 30 repeating serpentine configurations
(Figure 2.2). Since the pattern of fluidic channel is geometrically periodic in the
microfluidic device, it was assumed that simulation of one pass is sufficient to understand
the temperature profile in the device. One pass is defined as one serpentine configuration
with fluid flow through the denaturation, annealing and extension zones respectively as
shown in Figure 3.1.
Zone C
Zone A
Zone B
Grid Apr 28, 2009
FLUENT 6.2 (3d, segregated. lam)
Figure 3.1: One pass simulation domain showing the fluid layer
3.3.1 Simulation of thin film patterned glass substrate
This assumption was validated by simulating heat diffusion in the glass substrate
patterned with thin film heaters. The temperature distribution in the glass substrate is a
good representation of the temperature distribution in the whole microfluidic chip. The
simulation domain is shown in Figure 3.2. Hexahedral elements were used to mesh the
domain. The material properties of glass used are as follows; ag = 7.81 x 10- 7 m2/s,
kg = 1.3 W/mK.
Zone B
Zone C
Zone A
5 mm e
Yz
Figure 3.2: Simulation domain of the glass wafer. The geometry of thin films, used as
heat flux source, is shown in black.
Heat transfer problems are highly sensitive to changes in boundary conditions. Physically
acceptable boundary conditions need to be used for meaningful results. The heat flux
values used for different heaters were: qA = 7200W/m2; q = 1500W/m2;
qc = 300 W/m 2. An insulation boundary condition was applied to the lower surface of the
glass substrate, as the actual microfluidic device has a Styrofoam backing to provide an
insulated boundary condition. A natural convective heat transfer coefficient of value hair
= 15 W/m2K was applied to the other surfaces. Due to presence of temperature gradient
on the glass substrate, the assumption of a constant heat transfer coefficient for boundary
condition is only an approximation. The average temperature in the device - 75 'C was
used to estimate natural heat transfer coefficient. For heated plates facing up, the natural
convective heat transfer coefficient is given by [44]
NuL = 0.54RaL ;10 s < RaL <2x10 7  (12)
Nu = 0.14Ra ;2x107 <RaL <3x10 0  (13)
gATL3RaL Pr (14)
Using the properties of air at 75 oC; we get RaL - 105. Hence, using eqn. 12, we get hair -
16.5 W/m2K. For simulations, we used a constant heat transfer coefficient, hair = 15
W/m2K.
Figure 3.3 shows the steady state temperature distribution in the glass domain. Neglecting
the end effects, temperature variations in transverse directions are found to be small
compared to those in the flow directions (Figure 3.4). Hence we can assume that the
variations in temperature profiles between different passes as a function of chip position
are negligible.
Figure 3.3: Steady state temperature distribution in the glass domain when the thin film
heaters are operated
Unsteady simulations of heat diffusion in glass were also carried out. The time constant
from simulation was obtained to be - 400 s. For the glass substrate, the time constant for
heat transfer can be estimated as
pC, ,r = (15)
hair
Using ha,ir = 15 W/m2K, ,g = 1.5 mm, pg = 2.2 x10 3 , and Cg = 0.754x 103 J/kgK, we get
r - 166 s. The above time constant was obtained by an approximate lumped capacitance
model. The simulation results were found to compare well with the theoretical
predictions.
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Figure 3.4: Variation of temperature on the glass substrate along the transverse direction
It was observed that the heat flux required for Zone C, maintained at 72 'C, is less than
the heat flux required for Zone B maintained at 58 'C. This can be explained by the
considerable lateral heat diffusion on the glass substrate due to the high conductivity of
glass wafer. The unsteady simulations clearly show that the lateral heat diffusion
progresses with time from Zone A and influences the temperature distribution in Zone C
(Figure 3.5).
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Figure 3.5: Unsteady simulation in glass domain showing the evolution of temperature
profile on the glass substrate with time
3.3.2 One pass simulation of the proposed monolithic chip
A one pass simulation domain for the microfluidic chip is shown in Figure 3.6.
Tetrahedral Hybrid meshing scheme was used to mesh the domain. Mesh elements of
varying size were used. The minimum spacing between mesh nodes was 25 Am. The
dimensions of the fluidic domain for the single pass are as follows; height = 150 #m,
width = 100 /m for zonal channels and width = 25 #im for the inter-zone connecting
channels, length of the serpentine channel = 5.34 cm. The PDMS domain was chosen in
such a way to encompass the fluidic domain and represent one pass of the microfluidic
device. The thickness of the top and the bottom PDMS layers are (respectively) 6p, = 0.5
mm, 6p2 = 0.5 mm. The simulation domain includes glass substrate with the top face
partitioned in the model according to the different heater zones, facilitating simulation of
different heat flux dissipated by respective zones. The thickness of glass domain, 6g, is
1.5 mm.
Figure 3.6: One pass simulation domain showing the four different components
separately
Thermal boundary conditions were defined as follows: 1) a convective heat transfer
coefficient of hair = 15 W/m2K on the top PDMS surface exposed air, 2) zero heat flux
boundary conditions on the side walls of PDMS and glass which form the cutting plane
along which the simulation domain is separated from the actual device, i.e., the walls
perpendicular to the transverse direction, 3) zero heat flux boundary condition on the
lower surface of the glass substrate, 4) an effective heat transfer co-efficient was
calculated for the surfaces of glass and PDMS, which form the cutting plane and are
perpendicular to the flow direction in order to take into account the finite resistance for
lateral thermal diffusion. Assuming 1-D heat transfer model for the heat transfer from the
glass/PDMS surface to air through a finite thickness of glass/PDMS we can write
1/heff =1/hair + l / k i  (16)
where the subscript, i, denotes either PDMS (i=p) or glass (i=g).
The fluid properties were taken to be that of water and were assumed to be constant
during PCR. The concentration of reagents in the PCR mixture is of the order of
millimolar (mM). There will be some change in the fluid properties as the reaction
progresses, but since we are considering dilute solutions of nucleotides, the variations can
be neglected. Due to the presence of thermal gradient in the device, physical properties of
water will change. For ease of numerical calculations, constant properties of water at 75
'C were used for simulations. In actual operation, a syringe pump imposes a constant
volume flow rate. At constant volume flow rate, change in viscosity will lead to a change
in head loss without having significant effect on the advective term of heat transfer.
Thermal properties of the fluid, PDMS and glass used are; kf= 0.6 W/mK, af= 1.44x 10-7
m 2/s, kp = 0.15 W/mK, ap = 9.34x 10-8 m 2/S, kg = 1.3 W/mK, ag = 7.81x 107 m 2/s.
Steady state temperature profiles in the fluid, glass and PDMS domain are shown in
Figure 3.6, 3.7, 3.8 and 3.9. Numerical experimentation was carried out by changing heat
flux values of the different heaters in order to achieve the desired temperature
distribution. The following values of heat fluxes gave the temperature distribution
consistent with our target zonal temperature requirement; qA = 2450 W/m 2, q" = 400
W/m 2, qc = 1000 W/m2.
Figure 3.6: Steady state temperature distribution in fluid domain
Figure 3.7: Steady state temperature distribution in the top PDMS domain
Figure 3.8: Steady state temperature distribution in the bottom PDMS layer
Figure 3.9: Steady state temperature distribution in the glass domain
Figure 3.10 shows the variation of temperature along the streamwise direction in the
center-line of the microchannel. Simulations were carried out by varying the inlet
velocity, 0.5 mm/s < Va,,g < 5 mm/s, while keeping the dissipated heat flux values
constant. The results show that the convective effect increases with the increase in
volume flow rate. At lower velocities, fluid elements have enough time to acquire
temperature through diffusion from the lower PDMS layer but as the velocity is
increased, fluid elements do not have sufficient time to acquire the temperature. This in
turn means that optimum temperature profile is a multivariable function of flow rate and
heat flux dissipated in the heaters.
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Figure 3.10: Steady state variation of temperature along the streamwise co-ordinate at
different average inlet velocities
From the perspective of design of microfluidic devices for PCR, a more important
parameter is the temperature variation that a fluid particle experiences as it passes
through the fluidic channel. The material derivative of temperature can be written as
DT _T aT
-Dt -t+- (17)
Dt dt 8x
The material derivative represents the rate of change of temperature, T, moving with a
fluid element. The first term represents the local rate of change of T at a particular point
and the second term represents the change in T as a result of advection of fluid from one
location to other. As we are considering fully developed flow at low Reynolds number,
the advective term has a contribution only from the streamwise velocity, u.
Figure 3.11 shows the variation in temperature profile of the fluid with time as it flows
through the channel. The figure shows that the design meets the requirement of target
temperature profile required (Figure 3.12) for PCR. The residence time was calculated as
the average time for which the fluid remains in a particular zone. From the simulations,
we get; tA - 2.5 s, tB - 4 s, tc - 3.25 s. Due to the no-slip boundary condition, velocity
at the center-line of the microchannel is maximum. Hence the minimum residence time is
observed at the center-line. The ramp rate of a zone was calculated as the average rate of
change of temperature moving from the zone to the next zone.
FY = T (18)
t i - t
where the subscript, i, j, denotes either Zone A (i=A, j=A) or Zone B (i=B, j=B) or Zone
C (i=C, j=C). The ramp rates were calculated to be FAB - -2.8 °C/s, FBc - 1.8 °C/s, and
FcA - 5 C/s.
Figure 3.11: Variation of temperature with time as
traversing through the microchannel
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Figure 3.12: Ideal thermocycling profile
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3.3.3 One pass simulation of glass-PDMS hybrid chip
In this thesis, the design of a monolithic microfluidic chip has been proposed, which can
be temporarily aligned on top of the heating elements during the course of the reaction.
An alternative configuration is a glass-PDMS hybrid, where the fluid is in direct contact
with the thin film patterned glass wafer. Simulations were carried out to compare and
contrast these two designs.
Figure 3.13 shows the simulation domain depicting one pass of the microfluidic channel
for the glass-PDMS hybrid microfluidic chip. The channels were modeled to be of
constant height and width. The dimensions of the fluidic domain for a single pass are as
follows; height = 75/im, width = 100m, length of the serpentine channel = 5.34 cm. The
glass and the PDMS domains are chosen in such a way that they encompass the fluidic
domain and represent one pass of the microfluidic device. The thickness of the PDMS
and glass domains are; 6p = 0.5 mm, 6g = 1 mm. The top face of the glass domain is
partitioned in the model according to the different heater zones, facilitating simulation of
different heat flux dissipated by respective zones.
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Figure 3.13: Computational domain for simulation
Simulations were carried out with a three-dimensional, segregated, steady solver.
Hexahedral meshing of Submap scheme was used to mesh the three domains. The three
domains had mesh of different resolutions. The fluid domain had cubic mesh elements of
volume = 25 pm x 25 pm x 25 pm; glass domain had cubic mesh elements of size = 25
pm x 25 pm x 100 pm; PDMS domain had cubic mesh elements of size = 25 pm x 25
pm x 100 pm.
Simulations were carried by varying the inlet velocity (0.5 mm/s < Vavg 5 mm/s). At
these flow rates, viscous forces are dominant, with Reynolds numbers (Re) between 0.01
< Re 0.5. The Peclet number (Pe=RexPr) for such flows, characterizing comparison of
convective to diffusive forces, ranges between 0.24 < Pe < 1.2. All fluid properties were
calculated at the mean temperature - 75 'C.
The spatial temperature distribution in the fluid domain is shown in Fig.3.14. The results
show that change in volume flow rate has a negligible effect on spatial temperature
distribution over the defined flow rate range due to the dominance of conduction over
convection. Due to high thermal conductivity of glass, the fluid acquires the temperature
quickly from the glass substrate and negligible convective effects are observed.
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Fig.3.14: Steady state spatial temperature distribution in the fluid domain along the flow
direction.
Figure 3.15 shows the variation in temperature profile of the fluid with time as it flows
through the channel. The spatial variation of temperature with flow rate being negligible,
the total derivative or the material derivative of temperature (Equation 17) varies linearly
with flow rate.
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Figure 3.15: Variation of temperature with time (as experienced by a fluid particle) for
different flow rates
The variations of ramp rate and residence time with mean velocity are plotted in Figure
3.16. The ramp rate (being the average of material derivative) under steady state
conditions depends on the mean flow rate and the spatial temperature distribution (Eqn.
17).
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Figure 3.16: Variation of ramp rate between the zones (C/s) and residence time (s) with
average velocity
The spatial temperature distribution is controlled by the thin film heaters geometry, their
spatial arrangement and the heat flux dissipated by them. The glass-PDMS hybrid design
presented here creates temperature distribution which helps in getting higher ramp rates
at reasonable volume flow rates (Figure 3.15). The residence time of the fluid in a
particular zone varies inversely with flow rate (Figure 3.15). A trade off exists between
ramp rate and residence time as the addition of nucleotides during the extension phase of
PCR is processive, as the Taq polymerase enzyme replicating the DNA sequence adds
bases to the 3' end of the sequence at a rate of 10-60 bases s1'. Hence longer replication
--- Zone
time
- - Zone
time
e- Zone
time
sequences require longer extension times, achieved by reducing the linear flow rate
across the zones.
Compared to the glass-PDMS hybrid microfluidic chip (Figure 3.15), in the monolithic
microfluidic chip the spatial temperature distribution is a strong function of flow rate
(Figure 3.10). Figure 3.10 shows that increasing the flow rate, leads to a flatter
temperature profile. It also implies that for a given flow rate; there is an optimum heat
flux values required for obtaining the desired temperature distribution which in turn
signifies the importance of real time temperature measurement and control.
3.3.4 Unsteady simulations of the monolithic chip
The unsteady problem has a large time constant due to the presence of PDMS. PDMS is a
silicon-based organic polymer, and, due to its low thermal diffusivity (ap - 10-7 m2/s),
the time constant for temperature diffusion is high. Simulations predicted the time
constant, z - 1000 s. The high value of time constant has practical implications in terms
of estimating the wait time necessary for the device to reach steady state. The device
needs to be operated under steady state condition, otherwise the transient temperature
distribution, which may be significantly different from steady state temperature
distribution, will impair or inhibit the PCR amplification entirely.
3.4 Experimental verification of temperature distribution
Experimental verification of temperature distribution in the device is important to
substantiate the modeling efforts and develop a comprehensive understanding of heat
transfer mechanisms within the device. Also, temperature measurements help in
understanding true boundary conditions, which serve as inputs to simulations. Different
techniques exist for microfluidic temperature measurements [23, 25]. Infrared
thermometry and thermocouple temperature measurements were employed in this thesis.
3.4.1 Infrared Thermometry
Infrared Thermometry was used for visualization of temperature profile on the
microfluidic device. Figure 3.13 shows the infrared image of the device when the three
thin film heaters are operating. Figure 3.13 (c) is in good agreement with the simulated
results of Figure 3.3. The IR images substantiate the theory that the gradients in
transverse direction are negligible compared to the one in the flow direction. The bulk of
the chip is under uniform temperature distribution in the transverse direction and the
required temperature gradient exists primarily in the flow direction. The experimental
time constant, observed to be around 11 minutes, scales well with that predicted by
simulations, 16 minutes.
Figure 3.13: Infrared temperature measurement of the complete microfluidic platform,
showing the evolution of temperature with time. The images show that the bulk of chip is
under uniform temperature distribution in the transverse direction under steady state.
3.4.2 Thermocouple Temperature measurement
Thermocouples were placed at discrete locations on the microfluidic device for real time
temperature monitoring. Ideally, we would like to know the temperature of the fluid in
the device during the course of PCR. However, integrating large thermocouples into the
flow layer is difficult to achieve without perturbing the fluidic network, and at the same
time its biocompatibility is unknown. Consequently, the thermocouples were placed on
the undersurface of the glass surface as shown in Figure 3.14. Subsequently, the delta T
between the top and bottom surfaces of the glass was measured for calibration purposes.
It was observed that the difference is of the order of - 1 - 2 'C, as shown in Figure 3.15.
Additionally, a thin film of PDMS separates the top surface of glass and the fluid,
enabling device reusability without biofouling the RTDs. The thermal resistance of the
PDMS layer can be approximated as
1P 2ythermal k 3.33 x 10-3  m
kAT = qRthe 3 oC
AT = q"Rthermal - 3 °C
(19)
(20)
The above calculation is done for the Zone A where maximum heat flux is dissipated.
The underside of the glass is around 2 'C cooler than the upper surface and the upper
surface is hotter than the fluid layer by around 3 'C. Hence, the temperature on the
underside of the glass can be approximated to be the temperature of the fluid.
Figure 3.14: Instrumented microfluidic platform showing thermocouples attached on the
undersurface of glass wafer
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Figure 3.15: Calibration of variation of temperature on the top and bottom surface of the
glass wafer when the thin films are active
3.4.3 End effects
Figure 3.16 shows the temperature measurement along the transverse direction for the
three zones when the PDMS based device was placed on top of the heat generating glass
unit and alligator clips were used as electrical connects. The extent of the end effects was
observed to be around - 10 'C, with the drop primarily concentrated at the end. The
microfluidic chip spans typically from position 15 mm - 65 mm. Hence, we can assume
that the bulk of the microfluidic chip has uniform temperature distribution in transverse
direction.
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There are two factors which contribute to the end effects. First is the nature of the thermal
diffusion with a constant heat flux boundary condition. Second, the electrical connects
used to power the heating element has a finite thermal resistance; hence, it withdraws
heat and enhances the drop in temperature at the ends.
Figure 3.16: Thermocouple measurements of temperature
direction for the three different zones
variation along the transverse
Optimizing thin film heater geometry is central to minimizing the end effects. Different
variants of the proposed thin film design were explored and their end effects were
calibrated (Figure 3.17). Narrower thin film geometries at the ends enhance the electrical
resistance and hence the heat flux dissipated at the ends. Therefore, modifications of the
geometry a (Figure 3.17) with narrower ends were tried to minimize end effects. It was
observed that the temperature profile is more uniform when alligator clips are used
instead of soldered joints for electrical connects (Figure 3.18). It was also observed that
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the proposed modified design b has less end effects. Finally, the modified design c
showed a jump in temperature at the end, probably due to excess heat generation at the
ends.
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Figure 3.17: Different thin film geometry design for minimizing end effects
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Figure 3.18: Thermocouple measurements of temperature variation along the transverse
direction
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3.5 Summary
Numerical simulations for thermofluidic modeling of microfluidic devices for
applications like PCR serve as valuable tools in the physical microfluidic chip design
process, reducing the time required to fabricate functional prototypes while maximizing
reliability and robustness. Thermal modeling of continuous flow microfluidic PCR
platform is extremely challenging due to the three dimensional, conjugate natures of
thermal transport mechanisms.
A detailed thermo-fluidic simulation model has been developed to model the temperature
profile in a continuous flow microfluidic PCR device. A single pass of the microfluidic
device was simulated as a representative model for the entire microfluidic device
consisting of 30 passes. The above model was justified by carrying out numerical
simulation on the thin film patterned glass substrate. The simulations showed that the
proposed design meets the target temperature profile required for PCR. The effect of flow
rate on temperature profile was studied and showed that, for the monolithic microfluidic
chip, optimum temperature profile is a function of flow rate and heat flux dissipated.
Comparisons were made to the PDMS-glass hybrid microfluidic chip, where temperature
profile is weakly dependent on the flow rate. Finally, important practical limitations on
the ramp rate and the residence time were discussed.
The simulation efforts were substantiated through extensive temperature measurement on
the microfludic chip. The end effects were characterized and different modifications of
thin film geometry were tried to minimize end effects.
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Chapter 4
PCR in the microfluidic environment
4.1 Instrumentation
Figure 4.1 shows the microfluidic chip mechanically aligned on top of the glass substrate
with a Styrofoam backing using scotch tape. This forms the complete assembly of the
microfluidic platform for PCR.
Figure 4.1: Assembled microfluidic platform
There are two inlets for fluid in the microfluidic chip; one for the flow layer and the other
for the water jacket layer. A syringe pump is used to provide input to the flow layer. A
large volume of buffer flows in the water jacket layer during the course of the experiment
- 50 ml. An air tight fluid container is designed to hold the buffer (Figure 4.2). One of
the inputs is connected to the pressure source and the other is connected to the
microfluidic chip water jacket input using Tygon tubing and inlet port pins. A pressure of
- 4 psi is applied to the inlet of the fluid container to drive the flow in the water jacket
layer.
Three independent power sources are used to power the thin film heaters. A high
precision power source is used as shown in Figure 4.3. Alligator clips are used to make
the connection to the electrodes as shown in Figure 4.2. Earlier attempt to solder copper
wires to the electrodes to make electrical contacts showed large variations in temperature
along the heater zone due to end effects (Figure 3.18). Electrical contacts provide a path
for heat flow and hence enhance end effects. A connection with maximum thermal
resistance would be preferred for minimizing end effects. Alligator clips were selected as
they provide good electrical contact and have a very small area of contact which
maximizes thermal resistance. Figure 4.2 shows the instrumented platform for carrying
out PCR.
Figure 4.2: Instrumented PCR platform
Figure 4.3: Power supplies
4.2 PCR experiments
Miniaturization of bench top biochemistry, though useful, poses several challenges,
which need to be comprehensively understood before on field applicability of such
systems [35, 36, 37, 38]. One of the goals of the thesis, outlined in this chapter, is to
investigate the challenges that arise when experimentally implementing PCR in a PDMS-
based microfluidic system and potential means to counter those challenges.
Polymerase Chain Reaction (PCR) is a molecular biology method for in vitro
amplification of specific DNA templates. The template may represent small part of a
large and complex mixture of DNAs. It amplifies a single or few copies of a piece of
DNA across several orders of magnitude, generating millions of copies of a particular
DNA sequence. Since its invention, PCR has been widely used for applications like
molecular biology, genetics, medical sciences, forensics, and disease diagnostics [43].
As described in Section 1.2, PCR consists of thermal cycling of the enzymatic mixture.
The enzymatic mixture which consists of DNA template, primers, polymerase, dNTPs
and buffer undergoes 30 - 35 thermal cycles where each cycle consists of the following 3
steps
1. denaturation (90- 95 'C)
2. annealing (55 - 60 OC)
3. extension (70- 75 'C)
The typical ratio of times for the aforementioned 3 steps is 4:4:9. The extension time
typically depends on the length of the final product.
Various factors affect the performance of PCR. Foremost, thermocycling accuracy is
critical for target specific amplification. Generally, for a given combination of template
and primers, the denaturation, annealing and extension temperatures are optimized for
maximum efficiency and fidelity. Similarly, the concentration of Mg2+, K+ and salts in
the reaction mixture are critical for maximum target specific amplification [45, 46].
There are several challenges associated with implementing PCR in a microfluidic
environment. Due to high surface-to-volume ratio in a microfluidic environment, surface
phenomena play a critical role. Surface adsorption of proteins and enzymes is a central
problem inherent to PDMS-based microfluidic systems [14]. Also, water readily
evaporates through PDMS rubber, especially at elevated temperatures, which has the
potential to adversely affect biochemical reactions in microfluidic devices, such as PCR,
that are sensitive to physiochemical parameters such as salt concentration and pH [22].
With a high denaturation temperature, the PCR mixture is thermocycled through
temperatures from 50 - 60 oC up to 95 oC. Such high temperatures lead to evaporation
and bubble formation, a key problem in microfluidics PCR. Finally, straight chemical
inhibition due to the contact of PCR mixture with the microchannel walls can lead to
poor or absence of amplification. Surface passivation is thus critical for successful
implementation of PCR in a microfluidic environment, which can reduce wall
permeability in addition to reducing non-specific biofouling effects [35, 37, 38].
Effective coating of PDMS channels is central to overcoming the surface adsorption and
chemical inhibition problems. There are two ways of coating the channels; static coating
and dynamic coating [26, 27, 35, 37, 38]. Static coating involves pre-coating of the chip
microchannel surfaces, either during fabrication of the PCR chip or immediately before
use. Some of the commonly used coating materials are bovine serum albumin (BSA),
polyethylene glycol (PEG) and silanizing agents. Dynamic coating is achieved by adding
the adjuvants to the PCR reaction, with wall blocking achieved as the mixture is pumped
through the device during the actual operating cycle. Commonly used dynamic coating
reagents are BSA, polyvinylpyrrolidone (PVP), glycerol, polyethylene glycol and Tween.
The dynamic coating reagents compete for adsorption on the microchannel surface and
reduce the probability of adsorption of the PCR components.
Surface passivation in silicon and glass-based microfluidic PCR chips have been studied
extensively. The repeatability and performance under high surface to volume ratios, of
these coatings are still debatable [14, 35, 37, 38]. The aforementioned coating methods
have been studied for PDMS based microfluidic channels as well. Surface passivation in
PDMS microchannels poses several challenges. By nature PDMS has high porosity
which aggravates the problems of bubble formation, sample evaporation and surface
adsorption [1, 17, 19, 22, 26, 35, 37].
In this thesis, we explored the effect of surface passivation using BSA as a blocking
agent. The method of static coating was employed. 1 lig/pli of BSA was mixed in the
Standard Taq 1X buffer. The buffer was pumped into the microfluidic chip using a
syringe pump. The microfluidic chip was placed on top of the heat generating glass base
units while metering the buffer and the thin films were powered in order to create the
required temperature profile. Thermocouples were attached on the back side of the glass
wafer for real time temperature monitoring. The buffer was flowed for sufficient time to
ensure uniform coating. Typical flow rate used for metering buffer was 1 l/min and the
total buffer flow time was around 1 hr.
After the initial coating, PCR mixture was metered into the microfluidic channel at a
typical flow rate of 0.5 l/min. Such a flow rate gave the following residence time; tA =
25 s, tB = 25 s, tc = 50 s which meets with the recommended requirement of residence
times. The three heater zones were maintained at; TA = 95 OC, TB = 58 OC, Tc = 72 'C.
The typical power dissipated in the three zones to maintain the aforementioned
temperatures are; Zone A - 2.2 W, Zone B - 0.5 W, Zone C - 0.3 W. Hence the total
power requirement for operating the platform is - 3 W. It is important to note that the
aforementioned temperatures were the thermocouple readings attached on the back side
of the glass surface. As mentioned in the Section 3.3, these temperatures are close to the
actual fluid temperature. Also, neglecting end effects, temperature gradients in the
transverse direction are negligible. Hence, the temperatures in the zones can be assumed
to be the ones measured by the thermocouples.
Around 150 il of PCR sample was metered through the microfluidic chip and samples
were collected hourly. The products were then analyzed using the technique of agarose
gel electrophoresis [47]. The gel results are shown in Figure 4.5 which shows the absence
of amplification for the products collected from the microfluidic platform. Amplification
was observed for the control which was run on a conventional thermocycler.
There are various factors affecting the outcome of PCR in a microfluidic environment. If
the temperatures in the fluid domain differ significantly from the recommended
temperatures, it will lead to poor or absence of amplification. Generally PCR works well
when the zone temperatures differ from ideal target temperatures by no more than 6 - 8
"C. Figures 4.6 and 4.7 show the variation of amplification efficiency with the extension
and annealing temperature respectively. Although the amplification is optimum at
specific temperatures, observable amplification is present at the bracketed (68 "C 76 "C)
temperatures as well.
Figure 4.5: Gel electrophoresis result showing the absence of amplification for the
products collected from the microfluidic device. The control shows positive
amplification.
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Figure 4.6: Effect of variation of extension temperature on the amplification efficiency.
The recommended temperature from the supplier was 72 OC, but observable amplification
was present at temperatures a few degrees above and below the ideal extension
temperature.
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Figure 4.7: Gel electrophoresis result showing the effect of annealing temperature on
amplification efficiency. Although the target specific amplification is optimal at specific
temperature (57.3 °C), observable product amplification is present over a wide range of
temperature (although non-specific products are observed as annealing temperatures
deviate from the optimal) [48]
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The absence of amplification can be potentially caused by a number of items.
Biochemically, failure modes include bad polymerase, improper reagent concentrations,
poor amplification/ annealing temperatures, or non-optimized cycle times that are too
long or too short, depending on product size. There are a number of failure modes
specific to microfluidic devices as well, including:
1. The surface area to volume ratio (SVR) of the microchannels is - 104 m 1 . Under
such high SVR the effect of surface adsorption is critical. The length of the
channels is - 1.2 m. It has been reported that BSA coating for microchannels with
high surface area to volume ratio (1000 m-') may prove to be insufficient [14, 35,
37]. A similar observation is made in our experiments. There are two possible
reasons for the failure of BSA; interference with the PCR chemistry and non
uniform coating on the microchannel walls. Figure 4.8 shows the effect of
different BSA mixed in control reaction. Ordinary BSA and acetylated BSA show
absence of amplification while the nuclease free BSA shows good amplification.
For successful implementation of PCR in a microfluidic environment it is
imperative to use the coating material which is biocompatible and provides
uniform coating on the microchannels.
Figure 4.8: Effect of BSA on PCR amplification
2. During the operation of continuous flow PCR chip, the fluid is thermocycled
through high temperatures in the Denaturation Zone (- 95 OC). Such high
temperatures lead to the problem of evaporation and bubble formation. This in
turn leads to a change in the concentration of the reaction mixture which will have
adverse effect on amplification efficiency. For target specific amplification, the
concentration of different components like magnesium ions, dNTP's, polymerase
and potassium ions need to be optimized [45, 46]. A variation in the concentration
of reaction mixture leads to non-specific amplification and, in some extreme
cases, absence of amplification. To minimize the rate of evaporation, a water
jacket layer was implemented. Section 2.4 discusses the design of water jacket
layer. Figure 2.4 shows the design of water jacket layer which sits on top of the
flow layer separated by a thin membrane of - 150 /im. Standard Taq 1X buffer
was metered through the water jacket layer to saturate the PDMS environment
around the flow layer hence minimizing the rate of evaporation. Both the water
jackets showed absence of amplification. Uniform cooling and hydration of
PDMS is critical for efficient PDMS. Better vapor barrier mechanisms like
impermeable channel coating, polyethylene film etc. need to be explored [1, 10,
18, 22, 26, 27, 40].
An impermeable biocompatible coating with easy fabrication protocols is central to
solving the problems associated with surface adsorption and vapor diffusion. Perfluoro
amorphous polymer coating is one such possibility [18], which is available in commercial
form as CYTOP (Asahi Glass Company, Japan). CYTOP coating follows simple
fabrication protocols like spin coating, dip coating or potting [49].
The fabricated microfluidic device was coated with CYTOP by metering 0.1 % of the
solution into the microchannels at a flow rate of 1.5 tl/min. This was followed by baking
the device in an oven at 80 OC for about an hour for uniform coating of CYTOP on
PDMS. The device was then placed on a hot plate, first at 115 'C for 2.5 hrs and then at
210 OC for 1.5 hrs. Initial attempts at coating the channels resulted in blockage of the
channels and device failure during operation. Lower concentration of CYTOP and careful
removal of solvent through longer periods of drying should be used for better coatings.
4.3 Summary
Miniaturization of bench-top biochemistry to microfluidic systems poses challenges at
the interface of engineering, chemistry and biology. In this thesis, we have developed a
continuous flow microfluidic platform for carrying out PCR. A manual temperature
controller was implemented which gives temperature control in a window of 3 - 4 'C,
sufficient for PCR amplification. We have studied the effect of BSA on PCR and shown
its ineffectiveness for continuous flow microfluidic chip where the surface area to volume
ratio is high (- 104 m-1) and the channel length is long (- 1.2 m). We have implemented
water jacket layer in an effort to minimize evaporation and shown its limited
effectiveness.
We have understood that the key issues lie at understanding the surface interaction of
microchannels with PCR mixture. For future research, we propose fabricating CYTOP
coated microfluidic channels. The biocompatible, hydrophobic coating promises to
reduce surface adsorption. Also the impermeable nature of the coating is expected to
reduce vapor diffusion and evaporation rate.
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Chapter 5
Conclusions
Microfluidic devices are being embraced by chemists and biologists as low cost,
powerful tools for carrying out basic laboratory protocols. Polymerase chain reaction is
one of the many important biochemical tools that are amenable to miniaturization.
However, scaling down PCR and packing it within a microfluidic platform poses several
challenges at the interface of engineering, biology and chemistry. The goal of this
research was to explore these challenges and develop an instrumented microfluidic PCR
platform.
To provide context of the current research, recent developments in the fields of
microfluidics PCR were briefly reviewed in Chapter 1. A continuous flow microfluidic
platform was designed as mentioned in Chapter 2. The microfluidic platform consists of a
monolithic PDMS microfluidic chip assembled on top of a thin film patterned glass base
heating unit. Key engineering design parameters, like, geometry of channels and thin
films, hydraulic parameters like head loss, Reynolds number and material selection were
studied.
PCR is a temperature sensitive reaction and, consequently, effective temperature control
is central to successful implementation of PCR in a microfluidic platform. This research
contributes towards the development of an extensive understanding of thermal transport
mechanisms in the continuous flow microfluidic platform. As discussed in Chapter 3, a
detailed three-dimensional, thermo-fluidic simulation model was developed to model the
temperature profile in the microfluidic device. The simulations showed the suitability of
design in meeting the target temperature profile required for PCR. The effect of flow rate
on temperature profile was studied and showed that, for the monolithic microfluidic chip,
optimum temperature profile is a function of flow rate and heat flux dissipated.
Comparisons were made between the monolithic device and the PDMS-glass hybrid
microfluidic chip, where temperature profile is weakly dependent on the flow rate.
Important practical limitations on the ramp rate and the residence time were studied.
Subsequently, the simulation efforts were substantiated through infrared and
thermocouple temperature measurement. The end effects were characterized and different
modifications of thin film geometry were studied to minimize end effects.
In Chapter 4, we discuss the development of the instrumented platform. A manual
temperature controller was implemented that gives temperature control in a window of 3
- 4 °C, sufficient for PCR amplification. The effect of BSA on PCR was studied and its
ineffectiveness was shown for continuous flow microfluidic chip where the surface area
to volume ratio is high (- 104 m-1) and the channel length is long (- 1.2 m). A water
jacket layer was implemented in an effort to minimize evaporation and its limited
effectiveness was shown.
It was proposed that that the key to successful amplification in the microfluidic platform
lays at understanding the surface interaction of microchannels with the PCR mixture. For
future research, we propose fabricating CYTOP coated microfluidic channels. The
biocompatible, hydrophobic coating promises to reduce surface adsorption. Also, the
impermeable nature of the coating is expected to reduce vapor diffusion and evaporation
rate.
There are several challenges to field-based applications of microfluidic systems. The
problem space is rich and requires interfacing knowledge of several disciplines, such as
MEMS fabrication, heat transfer, controls, biology and surface chemistry. In spite of the
fact that our microfluidic platform is portable, bulky infrastructure is still required to
carry out PCR in the chip. There are several challenges towards miniaturization and
developing portable fluid metering and power supply systems. Since the power
requirement for operating the microfluidic platform is low (- 3 W), we expect portable
batteries to replace the power supplies. Automated temperature control is essential for on-
field application and future challenges exist in designing temperature control in a stamp-
sized microfluidic device.
The microfluidic platform proposed in the thesis is a step towards making cost-effective,
portable, field-ready PCR systems. While many challenges exist in the development of
truly portable lab-on-a-chip devices, engineers immersed in the interdisciplinary area of
microfluidic biodiagnostics stand to become better scientists in the end.
(This page intentionally left blank)
Appendix A
Mold and Device Fabrication
A.1 Introduction
All microfluidic devices used in this work were prepared using the technique of soft
lithography [29, 31, 32]. All microfluidic mold fabrication was completed in the
experimental materials lab (EML) at the MIT Microsystems Technology Lab (MTL).
Photo masks were first designed using Adobe Illustrator 11 and printed at a resolution of
2000 dots per inch on a transparency film (CAD/Art Services Inc., Bandon, OR).
Photolithography was used to transfer this design to 3" diameter silicon wafers to create
molds for casting PDMS microfluidic devices.
A.2 Mold Fabrication
Silicon wafers were first placed in a Piranha solution, which is 1:1 mixture of
concentrated sulfuric acid to 30% hydrogen peroxide solution for about 15 minutes.
Piranha etch cleans the organic residues off the substrates. Wafers were then dehydrated
on a hot plate at 150 OC for about 15 minutes.
A.2.1 Flow layer fabrication
Multilayer masters for the flow layer were fabricated using negative photoresist SU-8 in a
three layer lithography process [31, 32]. The flow layer molds have channels of varying
heights. This design process pertains to the fabrication of a channel mold with a 50 [im
tall base layer and an additional 100 xm over certain sections, as illustrated in Figure A. 1.
Figure A.2 shows the transparency masks used for multilayer fabrication.
Figure A. 1: A multilayer mold (not drawn to scale)
Due to the presence of tall features, good adhesion of SU-8 on silicon wafer is critical.
First, a layer of SU-8 2002 was spun coat on a clean wafer at 3000 rpm for 60 seconds to
coat the wafer with a thin film of SU-8 (- 2 Am) which acts as adhesion promoter for
subsequent SU-8 layers. A pre-exposure bake was done on digital hotplates at 95 oC for 1
minute. The entire wafer was then exposed through broadband exposure for 40 s. This
was followed by a post-expose bake for 2 minutes at 95 OC.
The second photoresist layer, SU-8 50, was coated on the wafer at 2150 rpm for 55
seconds (- 50 Axm nominal), followed by pre-exposure bake (6 minutes at 65 'C, 20
minutes at 95 oC). Transparency mask A.2 (a) was used to transfer features to the SU-8
through a broadband exposure of around 2.8 minutes. This was followed by a post-
exposure bake (1 minute at 65 'C, 5 minutes at 95 oC).
A third photoresist layer was then coated on the wafer to a thickness of around 100 Im.
SU-8 2050 was spun coat at an rpm of 1700, followed by a pre-exposure bake (5 minutes
at 65 'C, 20 minutes at 95 oC). The secondary features from transparency mask A.2 (b)
were aligned using the alignment markers, followed by exposure of 4 minutes. This was
followed by a post-exposure bake (4 minutes at 65 'C, 10 minutes at 95 OC).
Development was done in a single step and the unexposed parts of SU-8 were removed
by PM Acetate (1-Methoxy-2-propanol acetate). The master molds were finally cleaned
using isopropanol and blown dry with nitrogen. Figure A.3 shows a typical flow layer
silicon master mold. Figure A.4 shows the flowchart of the steps involved.
Figure A.2: Masks for the multilayer mold fabrication
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A.3: Fabricated flow layer silicon master mold
I I4- Silicon wafer
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4- Silicon wafer coated with SU-8 2002 (green) and
exposed to create the adhesion layer
SU-8 50 (red) spun coated to form the second layer
Exposure through the transparency mask a to transfer
features (grey) to the first layer
SU-50 2050 (blue) spun
Exposure through the transparency mask b to transfer
features (grey) to the third layer
The multilayer Silicon master mold after development
Figure A.4: Steps involved in the fabrication of the multilayer mold for the flow layer
-----
A.2.2 Water Jacket Layer fabrication
100 ftm high masters were fabricated using negative photoresist SU-8 2050 in a single
layer lithography process. A layer of SU-8 2050 was spun coat on a clean wafer at an rpm
of 1700 for 60 seconds (- 100 ,Im nominal). This was followed by pre-exposure bake (5
minutes at 65 'C, 16 minutes at 95 OC). Transparency masks, as shown in Figure A.5,
were used to transfer the features on SU-8 through a broadband exposure of 5 minutes.
The wafers were then placed on hot plates at 65 'C for 5 minutes and 95 'C for 10
minutes for post-exposure baking. The unexposed parts of SU-8 were then removed by
developing through PM Acetate. The master molds were finally cleaned using
isopropanol and blown dry with nitrogen. Figure A.6 shows a typical water jacket silicon
master mold.
Figure A.5: Masks for the water jacket layer fabrication. Two different designs were
studied in the thesis
Figure A.6: Fabricated water jacket layer silicon master molds
A.3 Glass base heating elements fabrication
The microfluidic platform includes heating elements designed to create the required
temperature profile for PCR. The glass wafer has patterns of platinum/titanium (Pt/Ti)
thin films which serve as resistive heating elements.
Glass wafers were first placed in a Piranha solution for about 15 minutes. Wafers were
then dehydrated on a hot plate at 150 OC for about 15 minutes. Standard procedure of Lift
off was used to deposit Pt/Ti thin film on glass wafer. Negative photoresist NR71-3000P
was spun coat on the clean glass wafer at an rpm of 3000 for 40 seconds. This was
followed by a pre-exposure bake on a hot plate maintained at 170 oC for 4 minutes.
Transparency mask, as shown in Figure A.7, was used to transfer the pattern on NR71-
3000P photoresist through a broadband exposure of 80 seconds. This was followed by a
post-exposure bake on a hot plate at 115 oC for 4 minutes. The unexposed parts of NR71-
3000P were then removed by developing through RD6.
U. U.
Figure A.7: Mask for the fabrication of thin film patterned glass wafer
Platinum has poor adhesion properties due to its noble nature; hence a thin layer of
titanium needs to be deposited prior to platinum deposition in order to improve adhesion
of thin film.
Sputtering was used to deposit metallic thin films. Prior to metallization, the patterned
wafers were cleaned by oxygen plasma for about 30 seconds. First, 0.1 /m of Ti was
deposited followed by deposition of 0.6 jtm of Pt. This was followed by lift off,
accomplished by immersing the wafers in RR4. In order to hasten the lift off process,
RR4 was placed in a hot water bath maintained around 80 'C. It is important to note that
ultrasonication was not used for lift off as it was observed that ultrasonication during lift
off leads to deterioration of thin film adhesion, and often removal of film from the glass
substrate. Figure A.8 shows the flowchart of the steps involved. Figure A.9 shows a
typical heat generating glass base units.
Glass substrate with NR71-3000P photoresist
---- Expose and develop
-- Pt/Ti thin film deposition
-- - Thin film of Pt/Ti on glass
substrate after lift off
Figure A.8: Steps involved in the fabrication of thin film patterned, glass base heating
unit
Figure A.9: Fabricated thin film patterned glass wafer
A.4 Monolithic microfluidic chip fabrication
The microfluidic device was fabricated from PDMS silicone elastomer (Sylgard 184,
Dow Coming) using the technique of multilayer soft lithography [29, 31, 32]. Base and
hardener components of the elastomer are referred to as A and B respectively, and mix
ratios are specified on a weight basis. Mixing of the PDMS components was performed
in a centrifugal mixer. Consecutive replica molding from microfabricated silicon masters
and plasma bonding steps were used to create three-layer elastomeric devices consisting
of a thin layer with patterned flow structure, a thick layer patterned with water jacket
layer and a thin layer of unpatterned elastomer for capping the chip. To facilitate the
release of the elastomer during molding, molds were first treated with
Perfluorooctyltrichlorosilane (Aldrich) by placing the wafer in a large covered petri dish
containing several drops of silane for 15 minute.
For all the layers silicone elastomer mixture was prepared in the following ration; 10
parts A: 1 part B. After mixing up the Sylgard, the silicone elastomeric mixture was
poured over the "water jacket layer" mold to a depth of 4mm. Sufficient volume of the
mixture was poured on the "flow layer" mold and on an unpatterned clean Silicon wafer.
The molds were then placed in a vacuum chamber to remove bubbles from the PDMS
mixture. Since the microchannels are long (- 1.2 m), it is imperative that all the bubbles
are removed from the PDMS mixture. It was observed that devices with even few
bubbles lead to blockage and subsequent delamination. The molds were degassed for
about 30 minutes. The "water jacket layer" was then placed in an oven and cured at 80 oC
for over 25 minutes. Spin coating was used to form thin film of PDMS on the "flow
layer" and the unpatterned Silicon wafer. The "flow layer" mold was spun coated at an
r.p.m. of 250 for 60 seconds to form a film of thickness - 330 lim. The unpatterned
Silicon wafer was spun coated at an r.p.m. of 170 for 60 seconds to form a film of
thickness - 500 1tm. The wafers were then placed in the oven for over 25 minutes.
A clean razor blade was used to separate the cured elastomer from the "water jacket
layer" master mold. Access ports were made to the "water jacket layer" using a biopsy
punch with and inner diameter 0.5 mm (Harris Uni-Core), to make a physical core
through the PDMS by placing the device on the punch mat. The elastomeric layer was
then cleaned by first using a scotch tape and then with acetone and isopropyl alcohol in
the chemical hood to remove the debris, followed by drying with nitrogen gas. The "flow
layer" mold with a thin film of PDMS was cleaned following the same procedure.
The "water jacket layer" with the channel side up and the "flow layer" mold were then
placed in the plasma chamber. The air plasma bonder was used to irreversibly bond the
"water jacket" layer to the "flow layer" to make the multilayer device. The pressure in the
plasma chamber was set at 500 mTorr and the layers were exposed for 40 seconds at the
plasma setting high. Following exposure, the "water jacket" layer was carefully aligned
against the "flow layer" with the help of alignment markers (Figure 2.2). After bonding,
the device was placed in the oven for about 20 minutes.
The two layer device was then bonded to the thin film of PDMS coated on the Silicon
wafer to form the seal. A razor blade was used to separate the cured elastomer from the
"flow layer" mold, followed by punching access ports to the "flow layer" with the biopsy
punch. The device and the Silicon wafer with PDMS thin film were cleaned using the
aforementioned cleaning protocols. Plasma bonding was used to irreversibly bond the
two layer device to the thin film of PDMS followed by placing in the oven for about 20
minutes. A razor blade was then used to separate the cured elastomer from the Silicon
wafer to obtain the monolithic PDMS microfluidic chip. Figure A.10 shows a typical
microfluidic chip.
Figure A.10: Fabricated monolithic microfluidic chip
Appendix B
Materials and Equipments used
B.1 Interfacing microfluidic device
The following lists the equipments and materials used to interface the microfluidic device
with the operating fluid.
Company Name Product Name Product No. Description
Cole-Parmer Tygon Microbore EW-06418-02 Tubing used to
Tubing: 0.020" ID, interface with
0.060" OD, 100' devices, from the
Length syringe pump or the
fluid reservoir
BD Biosciences 1 ml Syringe 309602 Reservoir for the
operating fluid
Harris Uni-Core Biopsy Punch 15071 Punch holes through
the PDMS layers to
form inlet ports
B.2 Materials for fabrication
Company Name Product Name Description
James River 76 mm Silicon Wafer Used for making master
Semiconductor, Inc. molds
Mark Optics Inc. Windows, Fused Silica Used for making the thin
wafer, 75 mm x 50 mm film patterned heating unit
Micro Cheam SU-8-2002, SU-8-2050, SU- Negative photoresist for
8-50 making master molds
Futurrex Productivity Tools NR71-3000P Used for making the thin
film patterned heating unit
Alfa Aesar Perfluorooctyltrichlorosilane Silanizing agent for easy
removal of PDMS during
casting
B.3 Chemicals used for PCR amplification
Company Name Product Name Product Number Description
New England Taq PCR Kit with E5100S PCR kit containing
BioLabs Inc. Controls the reagents for
carrying out
amplification of 500
base pair target
Sigma-Aldrich Acetylated Bovine B2518 Coating
Serum Albumin microchannels
Sigma-Aldrich Bovine Serum B4287 Coating
Albumin microchannels
Worthington Nuclease free LS000290 Coating
Biochemical Bovine Serum microchannels
Corporation Albumin
VWR TBE Buffer EM-8820 Used during gel
electrophoresis for
making gel and the
buffer
B.4 Power supplies and thermocouples
Company Name Product Name Product Number Description
BK Precision Programmable DC 9124 Power Supply
Power Supplies
Omega Surface, pressure SAlXL-K-SRTC Thermocouples
sensitive adhesive
thermocouple
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